Purpose of Review The intervertebral disks (IVD) are an essential component of the spine. Degeneration of the disks, commonly due to age or injury, is a leading cause of chronic lower back pain. Despite its high prevalence, there is no effective treatment for disk disease due to limited understanding of disk at the cellular and molecular level. Recent Findings Recent research has demonstrated the importance of the intracellular developmental pathway sonic hedgehog (Shh) during the formation and postnatal maintenance of the IVD. Recent studies corroborate that the down-regulation of SHH expression is associated with pathological changes in the IVDs and demonstrate the reactivation of the hedgehog pathway as a promising avenue for rescuing disk structure and function. Summary Understanding the role of developmental signaling pathways that regulate disk formation and maintenance may help develop strategies to recapitulate the same mechanism for disk treatment and hence improve the quality and longevity of patient lives.
Introduction
The intervertebral IVDs (IVDs or disks) form the fibrocartilaginous joints between vertebral bodies. They represent critical components of the vertebral column. By maintaining separation between adjacent vertebrae, each disk plays an essential role in protecting the spinal nerves, while reducing the stress of tension and compressive forces on the spine during movement [1] . The IVDs are the most massive avascular and aneural tissue in the body [2] . Furthermore, IVDs uniquely exhibit degenerative and aging properties early in life due to the limited diffusion of nutrients into the tissue [3, 4] . Degenerative disk disease (DDD), a common pathological condition that adversely affects approximately one in seven individuals worldwide, is associated with severe neurological consequences and is a significant cause of radiating chronic lower back pain and paresthesia in the back and extremities [5, 6•, 7] . Up to 45% of cases of lower back pain with or without radiculopathy can be attributed to DDD [8] .
Disk Structure, Function, and Pathology
Structurally, each IVD consists of a soft, hydrated inner structure called the nucleus pulposus (NP), and a firm, collagenous outer annulus fibrosus (AF) made of concentric lamellae surrounding the nucleus pulposi. The NP and AF are sandwiched between cartilaginous endplate (EP) that connects the disk to the adjacent vertebra (Fig. 1a, b) . The NP and AF develop embryologically from the notochord and the somitocoele, respectively [9-11, 12•, 13] . Extracellular matrix (ECM) proteins, such as collagens and proteoglycans, comprise a significant portion of the IVD and are essential for maintenance of its structure and function. More specifically, proteoglycans consisting of a protein core made of aggrecan (ACAN) or perlecan covalently attach to highly sulfated glycosaminoglycan chains, keeping the IVD hydrated. With aging and degeneration, the IVD becomes fibrous and its water and proteoglycan content diminishes, limiting the ability of IVDs to serve their mechanical functions [14] . In addition, disk degeneration is associated with hypocellularity, loss of disk height, neovascularization, and innervation [15] [16] [17] [18] [19] .
Recent studies have shown that several developmental cell signaling pathways including sonic hedgehog (Shh) [20, 21] , Wnt [21] [22] [23] 24 •], transforming growth factor beta (TGFβ) [21, [25] [26] [27] , bone morphogenetic protein (BMP) [21, 25, 28] , and fibroblast growth factor (FGF) [29] are also active in the postnatal IVD. Shh is of particular interest due to its essential role in patterning during embryogenesis. The local signaling mechanism is critical for maintenance of the disk microenvironment given that IVDs are avascular and thus rely on the slow diffusion of systematic signals through circulation for regulation. Hence, understanding the role of intracellular signaling pathways during physiological growth, differentiation, and aging of the IVDs will provide critical insight for the development of approaches for its therapy. Biological approaches for the treatment of disk disease and associated back pain would provide an alternate to current palliative therapies, namely surgical repair and pain relievers that solely mitigate symptoms. Hence, the focus of this review is to examine the current literature on the role of Shh and the hedgehog (Hh) signaling pathway in the formation and maintenance of the IVDs and to discuss its potential in disk therapeutics.
Hedgehog Signaling Pathway
The Hh signaling pathway plays a crucial role in embryonic patterning and development. Thus, Hh pathway is also widely investigated for its role in postnatal tissue development, regeneration, and repair [30] . Shh is one of the three Hh family member proteins to activate the Hh signaling pathway, the others being Desert Hedgehog (Dhh) and Indian Hedgehog (Ihh) [reviewed by [31] ]. Among them, Shh is unique in its involvement in regulating notochord patterning and IVD growth and development. Growth plate chondrocytes of vertebral bodies express Ihh [25, 32, 33] .
The Hh signaling cascade is initiated by the binding of a Hh ligand to the 12-pass transmembrane receptor patched 1 (Fig. 1c) [34, 35] . Additionally, a required step in the transduction of the Hh pathway is the enrichment of the Smo receptor through intraflagellar transport to the primary cilium, a tightly controlled and activationdependent event [36] [37] [38] . The primary cilium is a non-motile, flagella-like protrusion present in almost all mammalian cell types in the interphase. The proper accumulation of Smo to the cilia is necessary for signal transduction, but not sufficient for activation of the receptor, given that both inactive and active Smo configurations are found enriched to the ciliary tip. The specific mechanism of Smo activation is not fully understood. Studies involving small molecules like smoothened agonist (SAG) that directly bind a heptahelical ligandbinding domain of the Smo receptor have expanded our understanding of the activation process, demonstrating the critical roles of β-arrestin and kinesin motors during transduction [39] . Once activated and enriched to the ciliary tip, Smo generates intracellular signals that regulate various protein kinases that in turn activate the transcriptional effectors of the Hh pathway. These target transcription factors are conserved across species and are known as Cubitus interruptus (Ci) in Drosophila and glioma-associated oncogene 1, 2, and 3 (Gli1, Gli2, Gli3) in mammals [40] . In the absence of active Hh signaling, Gli2 and Gli3 undergo proteolysis on the Ctermini to act as repressor (Gli2R and Gli3R) [41] [42] [43] [44] [45] , while Gli1 is not modified post-translationally and thus serves primarily as a transcriptional activator [41] . Members of the Gli/ Ci protein family contain a zinc-finger DNA-binding domain that recognizes a common DNA element [40] . Intraflagellar transport to the ciliary tip is necessary for generating truncated Gli2 and Gli3 molecules [38, 43, 46] . Upon activation, the Smo receptor cues the eventual stabilization of the fulllength forms and localization of Gli proteins to the ciliary tip. However, it is unclear as to how the Hh signaling pathway components traffic Bin^and Bout^of the cilium, and also how ciliary enrichment regulates their activity.
There are several negative regulators of the Hh signaling pathway. In the absence of Hh ligand, the Ptch1 receptor is localized to the tip of the cilium and inhibits Smo activation and ciliary enrichment (Fig. 1d) [36, 39] . Inactive Smo remains restricted to the base of the ciliary structure [47] . The binding of Hh ligand induces the export of Ptch1 from the cilium, which alleviates the inhibition of Smo and permits the rapid enrichment of Smo receptors to the tip of the cilium. Suppressor of fused (Sufu) is another negative regulator of the Hh signaling cascade. Sufu inhibits the Hh pathway by directly binding to the Gli transcriptional factors, anchoring them in the cytoplasm and preventing the activation of the Gli target genes [48] [49] [50] . SUFU is involved in a tetrameric complex involving Gli/Ci, Cos2, Fu, and Sufu in which Cos2 binds to the microtubules in the cytoplasm in the absence of the ligand. This complex plays a critical role in regulating the transcription activity of Gli/Ci proteins [51] .
Shh Signaling During Intervertebral Disk Formation
The current research on the role of SHH in the IVD is using mouse models and will be discussed in this review. Shh expression is initially detected in the node [52] and stays Bon^in the notochord as shown in the mouse embryo [53, 54] . SHH secreted by the notochord regulates patterning of the surrounding structures including floor-plate [55, 56] , neural tube [57, 58] , and somitocoele [59, 60] . Also, SHH from notochord induces Shh expression by the floor-plate [56] . Mutations in Shh or other components of the Hh signaling pathway in mice cause defects in patterning of face, skull, limbs, and axial skeleton [37, 53, 61, 62] . Mutations in the Shh gene are associated with defects in development of limbs, buds, digits, spine, ribs, face, and skull and facial abnormalities such as microcephaly, mild hypotelorism, cyclopia, a primitive nasal structure (proboscis), and/or midfacial clefting in human [63] [64] [65] . Mutations in Smo cause notochord degeneration in mouse embryos that are lethal before E9.5 [61] . However, Smo mouse mutants carrying a N223K point mutation, described as Smo cabbie mutant (Smo cbb ) mutants, survive until birth but display craniofacial, skeletal, and neural tube patterning defects [37] . Further, in the Smo cbb mutants, the notochord was intact although the floor plate is not correctly specified. These findings confirm that the floor plate, rather than the notochord, requires the highest level of SHH activity for proper formation [37] .
Previous studies demonstrated that SHH is crucial for maintenance of notochord, but not for its formation [53] . Choi et al. demonstrated the role of SHH in the formation of the IVD [66] . Also, it was found that SHH from the notochord and not floor-plate is sufficient for the formation of the IVD [67] . Interestingly, loss of Shh was not crucial for the formation of the node. And the Shh null embryos show that the caudal notochord formed initially, but then disintegrated [53] . Conditional targeting of Shh using tamoxifen-inducible Shh flox/CreERT2 allele at E8.5 to E10.5 in mouse embryos revealed the critical role of Shh in the formation of the notochord sheath and proper migration of the notochord cells to form nucleus pulposi of the disk [66] . Although conditional targeting of Shh using Shh flox/CreERT2 alleles at E8.5 or E9.5 resulted in defects in the formation of the IVDs and vertebrae, Shh targeting at E11.5 did not affect the formation of the disk or the spine [66] . These findings suggest that Shh signaling is crucial for the formation of the intervertebral disk at the early embryonic stage.
Role of Shh in Postnatal Disk Maintenance
The notochord descendant nucleus pulposus continues to express Shh during the postnatal stages [20, 21] . Conditional targeting of Shh in vivo and blockade of Hh signaling using a small molecule inhibitor cyclopamine on cultured IVD in vitro demonstrated the importance of Shh signaling in the development and maintenance of the postnatal IVDs [25] . Blockade of Shh signaling resulted in dramatic histological and molecular changes in the NP and AF cells of the neonatal mouse IVD. These studies revealed that in the absence of Shh signaling, NP cells lose their reticular structure and are clumped together in the center of the disk space, while the AF demonstrates reduced polarity and organization. Blockade of Hh signaling was validated by the loss of GLI1 and PTCH1 in NP and AF cells, suggesting that SHH secreted by the NP cells not only has autocrine action on the NP cells but also has paracrine action on the surrounding AF, suggesting the inductive property of NP similar to its precursor notochord. Besides, blockade of Shh signaling resulted in the loss of proliferation and loss of Brachyury (BRA or T) expression by NP cells. BRA is a crucial transcription factor during early embryogenesis and is also a molecular marker of the notochord. In addition, blockade of Shh signaling resulted in reduced expression of differentiation markers, including transcription factors SOX9 and extracellular matrix components including collagen Ia1 (COL1a1), collagen IIa1 (COL2), and chondroitin sulfate (ChSO4) in the NP, AF, and EP indicating that these molecules are downstream targets of Hh signaling in the postnatal IVD [25] . Furthermore, the addition of recombinant SHH to the cyclopamine-treated IVDs rescued the effects caused by the blockade of Shh signaling at the histological and molecular level, validating the specificity to loss of response of Shh signaling. Besides, conditionally targeting of Ihh [33] or dissecting out the IHH expressing growth plate before culture [25] did not affect any aspect of the IVD at the cellular or molecular level demonstrating that SHH is the crucial Hh ligand regulating the growth and differentiation of postnatal IVD.
Shh expression by NP cells reduces with age [21, 24•] . Recently, Peck et al. (2017) compared the transcriptome by RNAseq of mouse notochord at E12.5 to that of NP at P0 and found 87.82-fold reduction in Shh mRNA levels at birth. Interestingly, the mRNA expression of Hh targets Ptch1 and Gli1 reduced by 6.72-and 7.99-fold, respectively [68] . These results suggest that though NP at P0 express less Shh, it is sufficient to activate the Hh targets in P0 mouse IVDs. The extent of this difference may also be due to differences in methodology when preparing the two sets of mRNA for sequencing. Notochord collected at E12.5 was immediately processed for RNA isolation, while NP cells from P0 went through a lengthy procedure of fluorescence-assisted cell sorting (FACS) before RNA isolation. Expression of Shh and its targets continues to reduce during the postnatal stage. Components of Shh signaling and its targets are downregulated in the 1-year-old mouse NP cells compared to that from P4 IVDs [21, 24•] . These markers include transcriptional factors Bra, Sox9, and cytokeratin 19 (Krt19), Col1a1, Col2a1, ACAN, and ChSO4. The reduction in Shh signaling is associated with histological and structural changes in the disk such as clumping of NP cells and thinning of AF layers. By 2 years of age, the reticular or clumped NP cells are absent, and instead, the NP space has cells that resemble chondrocytelike cells in morphology [24•] . These findings indicate that the mouse IVDs also degenerate with physiological aging.
Shh Acts Upstream of Other Developmental Signaling Pathways
In addition to its role in growth and differentiation, Shh signaling regulates other major cell signaling pathways in the postnatal mouse IVD. 
Potential for Hedgehog Signaling in Disk Regeneration
Future studies are required to examine the potential of critical developmental pathways like Shh that are crucial for disk growth and maintenance in biological treatments for DDD. These therapies would aim to re-activate the Shh signaling pathway in degenerated IVDs to restore differentiation markers like ECM proteins and normal disk histology. Studies using amphibian models like Axolotl larva and Xenopus tadpoles have examined the role of Hh signaling in tail regeneration [69, 70] . Although in the Axolotl larva, the notochord did not form in the regenerating tail, the Xenopus tadpole tail showed notochord formation that was thought to be due to Shh secreted by the regenerating notochord having an autocrine action [70] . The differences in notochord regeneration may be due to the source of Shh in the two model systems. Shh was expressed exclusively by notochord in the Xenopus and spinal cord in Axolotl embryos.
The potential for Hh pathway reactivation in adult mice has been demonstrated in vitro 3D organ culture of 1-year-old mouse IVDs where the reactivation of the Wnt signaling pathway, using BIO re-activated Hh signaling pathway and its targets within 3 days [24•] . Cultured IVDs showed increased expression of BRA, CHSO4, and ACAN, and Shh targets Gli1 and Ptch1 demonstrating that Wnt signaling can reactivate the Shh pathway downstream of the Shh ligand. Recent studies have shown that Shh expression and its signaling reduce more rapidly and by 12 weeks of age in the sacral IVDs of the mouse. Formation of sacrum by skeletal maturity is a normal developmental process. However, reactivation of Hh signaling using a constitutive active R26 LSL-SmoM2-YFP/LSLSmoM2-YFP [71] allele only in a subset of NP cells using NPspecific CK19
CreERT2 allele at 12 weeks restored the sacral disk structure and Hh targets like PTCH1 and ECM proteins two and a half weeks later [72••] . Also, the reticular structure of the NP cells and layers of AF was restored along with decreased vascularization of the sacral IVD. These effects can be attributed to clonal expansion of the recombined NP cells as shown by immunostaining for the reporter YFP, and higher expression of SHH, which may, in turn, have activated the NP cells that did not have the constitutive active SmoM2 allele.
Conclusions
Degeneration of the IVD is a major cause of lower back pain, which now is considered a global burden [6•] , still with no option available for its cure. Prevalence of disk degeneration increases with age. Improving our understanding about the cellular and molecular process of how the IVD is formed during the embryonic stages, what are the key regulators for its growth and health during the postnatal stages, and determining whether loss of these key regulators is associated with degeneration of the disk may provide information to develop therapies for IVD regeneration in the way it was originally formed. Shh is one such key regulator that is essential for disk formation and its postnatal maintenance [25, 66, 72] . Shh expression and its targets, including ECM proteins that are important for IVD structure and function, are reduced with age. Recent studies suggest that the Hh signaling pathway can be reactivated in adult and aged mouse IVDs, and initial activation of only a subset of cells may be sufficient for reactivation and regeneration of the entire disk [72] . Thus, investigating the role of Shh in disk provides a promising avenue for the development of biological therapies for DDD. 
Compliance with Ethical Standards
Conflict of Interest Diviya Rajesh and Chitra Lekha Dahia each declare no potential conflicts of interest.
Human and Animal Rights and Informed Consent This article does not contain any studies with human or animal subjects performed by any of the authors.
